Although much has been learned in recent years about the apoptotic machinery, the mechanisms underlying survival and death choices during development of metazoans remain less clearly understood. During early oogenesis in Drosophila, a small excess in the number of specialized somatic cells, called polar cells (PCs), produced at follicle extremities is reduced to exactly two cells through apoptosis by mid-oogenesis. We have found that PCs destined to die first lose their apical contacts and then round up and shrink progressively until they disappear. Caspases are activated only once the cells have begun to shrink, suggesting that they are implicated in this part of the process, but not in the initial loss of cell polarity. Loss-of-function analyses based on mutant, clonal and RNAi approaches show that among the RHG family of pro-apoptotic factors, Hid is specifically necessary for PC apoptosis, as well as the initiator caspase Dronc and its adaptor Dark/Apaf-1, and likely several effector caspases, in particular Drice. In addition, we show that Hid protein and transcripts accumulate specifically in PCs destined to die, while the anti-apoptotic factor Diap1 is downregulated in these cells in a hid-dependent manner. Therefore, our results implicate the Hid-Diap1 module as an important regulatory point in a developmental case of apoptosis.
In metazoans, apoptosis is widely used during development to reach proper cell number by elimination of targeted individual cells. 1 In Drosophila, apoptosis has been implicated in several specific cell number reduction processes, such as the selection of exactly three glial cells from nine precursors at the ventral midline of each embryonic segment 2 and the survival of exactly six secondary pigment cells per omatidium allowing formation of the highly ordered hexagonal lattice of the fly compound eye. 3 The components of the apoptosis machinery have been shown to be highly conserved during evolution, 4 but the mechanisms underlying these types of exquisitely precise survival versus death choices in the context of the whole organism are not as yet fully understood.
Apoptosis is caused by proteolytic cleavage of vital proteins by a group of aspartate-specific cysteine proteases, called caspases. 4 The mammalian genomes encode 14 distinct caspases, while the Drosophila genome bears 7 caspaseencoding genes. In Drosophila, caspases are maintained in an inactive state in virtually all cells by a specific class of proteins called inhibitors of apoptosis (IAPs) that are bound to caspases and inhibit their activity. 5, 6 In the presence of apoptotic stimuli, IAP antagonists are activated and competitively bind to IAPs through an IAP-binding motif (IBM) leading to IAP ubiquitination and consequent degradation of both IAPs and IBM-domain proteins. 7, 8 In mammals, both IAPs and IBM-domain proteins of the Smac/Diablo and Omi/HtrA2 families are also present, but they are ubiquitously expressed. In contrast, the IBM-domain proteins Reaper, Hid and Grim (RHG) in Drosophila are transcriptionally activated in response to many different hormonal, stress and developmental signals. 7 Post-transcriptional regulation has been also reported for Hid. 2 Most of these studies are based on in vitro analysis or in vivo models in which apoptosis is induced. Thus, how the cell death machinery is activated in vivo during development is still poorly understood.
In the Drosophila ovary, polar cells (PCs) form clusters of specialized somatic cells embedded in the follicular epithelium at anterior and posterior follicle poles and in contact with the germline (Figure 1a ). PCs have an important organizer function at several stages during oogenesis ( Figure 1a ). 9, 10 In particular, PCs are the only ovarian cells to secrete Unpaired1 (Upd1), a specific ligand of the JAK/STAT signaling pathway. By activating this signaling pathway in adjacent follicle cells during mid-oogenesis, anterior PCs induce their differentiation into border cells and, subsequently, PCs and border cells migrate together through the egg chamber to attain the oocyte and subsequently form the micropyle, the sperm entry point into the oocyte (Figure 1a) . 11, 12 During early stages of oogenesis, PCs undergo a highly regulated cell death program, whereby a small excess of PCs that is produced (1-4 supernumerary cells) is eliminated by apoptosis such that by mid-oogenesis 100% of the follicles contain exactly two PCs at each anterior and posterior extremity. 13 This restriction fulfills a physiological role as inducing prolonged survival of supernumerary PCs by blocking apoptosis leads to follicular cell patterning defects including recruitment of excess border cells and perturbed migration of these cells. 13 PCs thus represent an interesting model to study how cell survival/death choices are made, in particular, in the context of a whole organ. We have undertaken a genetic and cellular analysis of PC apoptosis to identify which of the known components of the core cell death machinery are specifically involved in PC apoptosis and which represents regulatory points.
Results
Ovarian PC death involves apical constriction, rounding up and exclusion of dying cells during which caspase activation occurs. The number of PCs per follicle extremity between stages 3 and 10 of oogenesis was assayed by immunostaining for Fasciclin III (Fas3) in the presence and absence of the caspase inhibitor p35 (Figure 1d and e, red; 2F-J, red) ( Table 1 ). In parallel, the morphology of the individual PCs comprising a cluster was determined by immunodetection of either PC-expressed membraneaddressed mCD8:GFP (upd-GAL4 driver) or endogenous Importantly, the use of specific antibodies demonstrated that the shrinking PCs specifically accumulate an activated form of caspases ( Figure 2B -D, green) and are, therefore, the PCs destined to die. Interestingly, the intermediate steps in the morphological changes in PCs destined to die were even more apparent upon expression of p35 in these cells, possibly because the process of cell elimination is blocked at a downstream step ( Figure 2F-J) . Finally, even when blocking caspase function by p35 leads to prolonged survival of supernumerary PCs (Table 1) , the PCs destined to die nonetheless undergo morphological and polarity changes ( Figure 2D and E, rightmost yellow arrow and F-J).
Among effector caspases, Drice is specifically implicated in PC apoptosis. We used UAS-RNAi transgenic lines targeting the caspase-encoding genes drice, dcp1, decay, damm and strica that had been previously validated upon hid-induced apoptosis in the Drosophila eye. 14 We induced expression of the UAS-RNAi transgenic constructs specifically as of stage 2 of oogenesis using either the neur-Gal4 or the upd-Gal4 drivers (see Figure 1b -e for the upd-Gal4 expression profile and data not shown) and determined the number of PCs using the Fas3 marker and expression of a UAS-H2B:YFP transgene. Only RNAi directed against the drice gene resulted in prolonged survival of supernumerary PCs (up to five cells) at both anterior and posterior follicle poles after stage 6 of oogenesis (Figure 3b and d compare with a and c) ( Table 2 ). At the anterior pole, the presence of an excess number of PCs was associated with a delay in PC/border cell migration at stage 10 ( Figure 3b ) compared with wild type (Figure 3a ) (see Supplementary Table 1) . A second drice RNAi transgenic line also gave high levels of supernumerary PCs with the same driver and a second PC driver, neur-Gal4, as well (data not shown).
However, we next recovered females homozygous for the amorphic sublethal drice D1 allele and found that dissected ovaries immunostained for Fas3 did not exhibit prolonged survival of more than two PCs after stage 6 of oogenesis (data not shown). As the drice RNAi transgenic construct used also targets dcp1 sequences (strong off target), we tested the strong hypomorphic dcp1 prev allele, which is homozygous viable; however, homozygous females did not display supernumerary PC after stage 6 of oogenesis (data not shown). We were not able to recover drice D1 ; dcp1 prev double mutants due to fully penetrant lethality. We, therefore, recombined the drice D1 allele with an FRT insertion on the same chromosome and generated homozygous drice D1 mitotic clones (FLP-FRT system) in PCs heterozygous for dcp1 prev . In this genetic context, we did not observe an effect on PC number during late stages of oogenesis (data not shown).
The initiator caspase Dronc and its adaptor Dark are required for PC apoptosis. We expressed transgenic RNAi lines to inactivate the function of the Drosophila caspaseencoding genes dronc 15, 16 and dredd 17 in PCs and only RNAi directed against the dronc gene resulted in prolonged In females ectopically expressing the baculovirus caspase inhibitor p35 specifically in polar cells, the number of polar cells (PCs), as indicated by Fas3 immunostaining, both at the anterior (A) and posterior (P) ends of each chamber, was determined from stages 3 to 10 of oogenesis. Results are expressed as the percentage of total chambers (n) of a given genotype with 2, 3, 4, 5 or 6 polar cells. The average number of polar cells at each pole for each stage is indicated at the bottom of each column
Hid-mediated regulation of Diap1 for polar cell apoptosis A Khammari et al survival of excess PCs at both anterior and posterior poles (data not shown).
As amorphic alleles for the dronc gene are available (dronc i29 and dronc i24 ), as well as for dark, encoding its specific adaptor, 18 (dark G8 and dark H16 ), we tested the effect of these mutations on PC apoptosis. These mutations are lethal during development, so we induced homozygous mutant mitotic clones in the ovaries using the FLP-FRT system and loss of ubi-GFP expression as a clone marker. Under these conditions, we found groups of Fas3 þ PCs with more than two cells (either three or four) after stage 6 of oogenesis at both anterior and posterior poles and in each case at least one PC in the group exhibited no GFP expression and, therefore, was homozygous mutant for either dronc or dark (Figure 4a Among the RHG family members, Hid is specifically required for PC apoptosis. We next tested the possible function of three RHG family members, reaper, hid and grim by generating FLP-FRT mitotic clones, marked by the absence of GFP expression, of the H99 deletion that covers all three genes. We found groups of PCs with more than two PCs (three to five cells) marked by Fas3 during late stages of oogenesis at both anterior and posterior poles and in each case at least one PC was homozygous for the H99 deletion (Figure 5a and b).
We next expressed UAS-RNAi transgenic lines in PCs to test, individually, the functions of hid, grim and sickle, a fourth RHG not covered in the H99 deletion, in PC apoptosis. Only RNAi directed against the hid gene, using two different RNAi transgenic constructions (NIG and VDRC collections) and two different PC drivers, upd-Gal4 and neur-Gal4, led to prolonged survival of more than two PCs at late stages of oogenesis at both anterior and posterior poles (Figure 5c, d and data not shown) ( Table 2) . At the anterior pole, the presence of excess PCs was associated with a significant In some clusters of three or four PCs, the supernumerary PCs nonetheless exhibited loss of apical of apical contact, rounding up and shrinking (Figure 7g and h, yellow arrows).
hid transcription is specifically activated in PCs destined to die. We determined the Hid expression profile in the ovary using specific anti-Hid antibodies and marked 
) ovarian follicles stained with Fas3 antibodies (red) to label PC membranes and GFP antibodies (green) to identify homozygous dronc and dark mutant clones (absence of green staining). The apical side of the follicular epithelium in which the PCs are embedded is toward the top. White arrowheads and yellow arrows mark PCs destined to survive or die, respectively, as indicated by the round shape, smaller size and more basal position, indicating progressive exclusion of the latter from the group. The presence of PC groups with more than two cells (three or four) is always associated with the presence of at least one or two dronc or dark homozygous mutant PCs
PCs specifically by Fas3 accumulation. In wild-type ovaries, no Hid protein accumulation was detected in any cell type (Figure 6a , a 0 and data not shown). However, blocking PC apoptosis by overexpression of the p35 caspase inhibitor specifically in PCs led to detectible accumulation of Hid in supernumerary PCs (Figure 6b and b 0 , yellow arrow). It was also possible to detect Hid in supernumerary PCs by removing caspase function using RNAi or amorphic mutations directed against dronc or drice (Figure 6c-f,  yellow arrows) . In all cases, Hid was detected in PCs Note that in (c), a cluster of three PCs within the boxed area (each indicated by an asterisk) has not delaminated from the anterior end of stages 9-10 follicle. In (d), three PCs are present at the posterior end of stage 9 follicle. The two PCs that have maintained apical contact with the germline are indicated with asterisks, while the third PC (yellow arrow) that has lost apical contact and is positioned basally is presumably the supernumerary cell destined to die. (e and f) hid P(5014) /Df(3L) R þ X1 ovarian follicles after stage 6 stained with Fas3 antibodies, which indicate the presence of four (e) and six (f) PCs each marked with an asterisk Hid-mediated regulation of Diap1 for polar cell apoptosis A Khammari et al shrinking and undergoing exclusion from the group, therefore, indicating that Hid is specifically expressed in PCs destined to die. Interestingly, when two supernumerary PCs were present, both cells did not necessarily accumulate Hid, indicating that the process of PC elimination is not synchronized within the PC group (Figure 6c , e and f, yellow arrows). Taken together with the results of the analysis of hid mutants indicating that hid is necessary for PC apoptosis, these results strongly suggest that PC apoptosis is induced by specific upregulation of Hid in PCs destined to die.
In order to determine whether specific accumulation of Hid in PCs destined to die is regulated at the transcript level, we performed RNA in situ hybridization on ovaries using a hid riboprobe. The specificity of the hid probe was verified in the embryo as the hid expression profile has been characterized in this tissue (http://www.fruitfly.org/cgi-bin/ex/insitu.pl and data not shown). In the wild-type ovary, relatively strong hid germline signal (equivalent to what is observed in Figure 6g -gc) was observed, as has been previously reported, 19 but no expression was evident in any somatic cells including the PC groups at any stage (data not shown). However, when caspase activity was blocked by overexpression of p35 in PCs, then significant accumulation of hid transcripts was detected specifically in one somatic cell at poles of follicles from stage 4 onwards (Figure 6g and g 0 , white asterisk). The position of these cells at follicle extremities and the fact that their shape differs from that of other somatic cells in the follicular epithelium in that they display apical constriction and rounding up strongly suggest that these are PCs destined to die. These results thus allow us to propose that Hid protein is upregulated in PCs destined to die because of specific hid transcript accumulation in these cells.
Hid controls Diap1 post-translational downregulation in
PCs destined to die. We determined the expression pattern of Diap1 protein in the ovary and found that Diap1 accumulates in all follicle cells (Figure 7a-c) , in mature PC pairs (Figure 7d , white arrowheads) and in germline nurse cells (Figure 7a ). The specificity of the Diap1 antibodies was confirmed by testing them on ovaries expressing an RNAi construct targeting diap1 sequences specifically in PCs (see Supplementary Figure 1a) . In clusters of three PCs during early oogenesis two PCs displayed high Diap1 levels, but three different situations were encountered for the supernumerary PC. In 50% of the clusters of three PCs, one out of the three PCs presented no detectable Diap1 protein ( Figure 7a 00 and a 000 , lower white arrowhead), while in 31% of the clusters, Diap1 was present at low levels in one out of the three PCs (Figure 7b 00 and b 000 , lower white arrowhead) and in only a minority of cases (19%) all three PCs of a cluster exhibited similar high levels of Diap1 protein (Figure 7c 00 and c 000 , white arrowheads) ( Table 3) . Upon ectopic expression of the anti-apoptotic factor p35, a high proportion of follicle poles present PC clusters with three or four PCs (Table 1) . Under these conditions, 100% of PC clusters with more than two PCs after stage 6 (n ¼ 85) exhibited at least two Diap1 þ PCs (Figure 7e 00 and e 000 , top arrowheads) and one or two PCs with no detectable or extremely low Diap1 accumulation (Figure 7e 00 and e 000 , two bottom arrowheads). In these cases as well, the Diap1 À supernumerary PCs were often round and basally positioned, indicating that they are the PCs that were destined to die (Figure 7e 00 and e 000 , two bottom arrowheads). Taken together, these results strongly suggest that Diap1 is differentially regulated in the PC cluster such that two PCs accumulate Diap1 affording them protection from apoptosis, while supernumerary PCs undergo downregulation of Diap1, thereby allowing caspase activation and death to occur.
We next assayed Diap1 accumulation in PC clusters in which hid function is knocked down by transgenic RNAi. Clusters of three (or four) PCs survived after stage 6 of oogenesis (Table 2) , and this was associated with a greater proportion of clusters exhibiting Diap1 accumulation in all cells of the cluster compared with wild type (Table 3) . Expression of hid RNAi leads to a majority of clusters from stages 7 to 10 with three Diap1 þ PCs (47% compared with only 19% in the wild-type control; Figure 7f ), and only a minority exhibited complete Diap1 downregulation in the supernumerary PC(s) (15% compared with 50% in the wild-type control). Diap1 accumulation was also assayed in ovaries from hid mutant escapers of two different genotypes, hid P[5014] /Df(3L)H99, which removes one copy of reaper as well as affecting both copies of hid and hid P[5014] /Df(3L)R þ X1, which only affects hid and similar results were obtained in both cases. Almost all follicle extremities after stage 6 exhibited groups of more than two PCs as detected by membrane accumulation of Fas3 (Figure 7g , three PCs and Figure 7h and h 0 , four PCs observed in two different focal planes) and Diap1 protein was never absent in the supernumerary PCs (Figure 7g 0 , h and h 0 , yellow arrows), in contrast to the situation in controls in which Diap1 was often low or absent in these cells (Figure 7a , b and e). These results, therefore, indicate that hid function is necessary for downregulation of Diap1 in supernumerary PCs destined to die. In addition, as supernumerary PCs devoid of hid function and presenting Diap1 accumulation nevertheless exhibited loss of apical contact, rounding up and shrinkage (Figure 7g and h, yellow arrows), it would seem that these processes do not require hid function or Diap1 downregulation. 
In the wild-type control, Hid protein is never detected (a), while inducing prolonged survival of supernumerary PCs by inhibiting caspase function leads to accumulation of Hid protein (b-f) and transcripts (g) in PCs destined to die A diap1-lacZ reporter construct, shown to be correctly regulated in other tissue contexts in Drosophila, 20 was expressed in all cells of PC clusters of three or more cells, even when one PC was already showing signs of apical detachment and shrinking (Figure 7i and j) . Therefore, downregulation of Diap1 in PCs destined to die likely occurs post-transcriptionally.
Discussion
We show that PC apoptosis involves a canonical Hid-Diap1-Dronc/Dark-Drice apoptotic pathway like the one described by Leulier et al.
14 in the Drosophila eye upon ectopic expression of Hid and consequent apoptosis. Our study, therefore, provides the confirmation that this pathway is functional in a physiological case of developmental apoptosis. Leulier et al.
14 also found evidence for a second pathway involving Hid-induced activation of the caspases Strica and Decay, independent of Diap1. Using the same genetic tools they used (transgenic RNAi lines), however, we found no involvement of Strica or Decay functions in PC apoptosis. This difference might reflect a different level of Hid expression in the two systems. The high level of Hid induced in the eye by transgene expression may allow activation of Strica and Decay, while the physiological level of Hid in supernumerary PCs may not be sufficient to do so.
A role for effector caspases in PC apoptosis is strongly suggested by p35-induced survival of supernumerary PCs and specific caspase activation in PCs destined to die. In addition, among the transgenic RNAi lines targeting four effector caspase-encoding genes, drice, dcp1, decay and damm (previously validated by Leulier et al. 14 ) , only RNAi directed against drice led to prolonged survival of excess PCs. However, females homozygous for the null drice D1 or the strong hypomorphic dcp1 prev1 allele, as well as drice
D1/D1
; dcp1 prev1/ þ females and drice D1/D1 PC mitotic clones in a dcp1 prev1/ þ background undergo PC apoptosis normally. As redundant function between these two genes has been reported in several cell types, 21 the best interpretation for our results is that drice and dcp1 (and possible decay and/or damm as well) exhibit redundant function for PC apoptosis.
Among Dredd, Dronc and Strica, which resemble inititator caspases, 22 Dronc is specifically required for many of the known developmental cell death programs, with specific exceptions, as well as in radiation-induced apopotosis 15, 16, 23 along with the adaptor protein, Apaf-1/Dark. 18, 24, 25 Our analysis of dronc and dark null mutations indicates that both are necessary for PC apoptosis cell autonomously in PCs destined to die. The partnership between Dronc and Dark thus seems maintained in the case of PC apoptosis, further supporting the idea that Dronc and Dark are universal partners for induction of apoptosis.
Control of caspase activation in PCs likely involves Diap1 function for several reasons. Indeed, Diap1 protein, present in all other germline and somatic cells of the ovary, is specifically downregulated in PCs destined to die. This regulation is likely to be post-translational as we show that expression of a diap1-lacZ enhancer trap is ubiquitous even in clusters in which supernumerary PCs are undergoing elimination. In addition, inactivation of diap1 by RNAi specifically in PCs leads to progressive degradation and demise of PC pairs, indicating that Diap1 is necessary for survival of mature PCs (Supplementary Figure 1b-e) . In view of the known function of Diap1 in inhibition of caspase activity, 5 our results allow us to propose that specific downregulation of Diap1 in PCs destined to die leads to caspase activation in these cells and consequent apoptosis.
We have also implicated a specific member of the RHG family of known Diap1 antagonists in PC apoptosis. 26 Among several genes tested, we show that the function of hid is specifically necessary for PC apoptosis. The functions of reaper, hid and grim have been shown to be largely redundant in developmental cell death, though some specific phenotypes are associated with single gene mutations. [27] [28] [29] [30] Our results clearly indicate a specific, essential function for hid in PC apoptosis and thus distinguish individual developmental roles for members of the RHG family. However, a role for some of the other RHGs, in particular Reaper, though possibly redundant or secondary, is not to be excluded. Indeed, we have previously shown that a lacZ transcriptional reporter for Figure 7 Hid controls Diap1 downregulation in PCs destined to die. Confocal images of ovarian follicles stained with DAPI to label nuclei (white), GFP antibodies to label PC membranes (green) and Diap1 antibodies (red) (a-f) or with Fas3 antibodies to label PC membranes (green) and Diap1 antibodies (red) (g and h) or with Fas3 antibodies to label PC membranes (red) and b-galactosidase antibodies (green) to detect diap1-lacZ enhancer trap expression (i and j). The apical side of the follicular epithelium in which the PCs are embedded is toward the top. (a 0 -f 0 ), (a 00 -f 00 ) and (a 000 -f 000 ) are magnified views of the boxed areas in the corresponding a-f panels. In (a 0 -f 0 ), each PC is indicated by an asterisk. In (a 00 -e 00 ), (a 000 -e 000 ) and (i and i 0 ), it is not possible to distinguish between PC destined to survive or die, so all PCs are indicated by white arrowheads. In (f 00 , f 000 , g, g 0 , h, h 0 , j and j 0 ), white arrowheads and yellow arrows mark PCs destined to survive or die, respectively, as indicated by the round shape, smaller size and more basal position, indicating progressive exclusion of the latter from the group. (a-d) Control: upd-Gal4/ þ ; UAS-mCD8:GFP/ þ , (e) upd-Gal4/ þ ; UAS-mCD8:GFP/UAS-p35, (f) upd-Gal4/ þ ; UAS-mCD8:GFP/ þ ; UAS-hid-IR/ þ , (g and h) hid PC, low levels of Diap1 were detected in the supernumerary polar cell compared with the two other polar cells. All Diap1 + PCs, all three polar cells in the cluster presented equivalent amounts of Diap1. The number of cases (and the percentage of the total) for each category between stages 2-6 and stages 7-10 is indicated for control flies and flies expressing a UAS-hidIR transgene in polar cells. Note that in control flies there are no clusters of three polar cells between stages 7 and 10 to be assayed Hid-mediated regulation of Diap1 for polar cell apoptosis A Khammari et al the reaper gene is activated in PCs destined to die when PC apoptosis is blocked by expression of p35. 13 It is thus possible that hid function is necessary for primary induction of PC apoptosis and that reaper function participates to a secondary amplification loop that insures completion of PC elimination.
In addition, we have been able to establish a link between hid function and Diap1 regulation in PC apoptosis. Significantly, upon RNAi knockdown of hid function specifically in the PC group, or in hid mutant escapers, the supernumerary PCs that survive until late stages of oogenesis show maintained Diap1 expression likely explaining their prolonged survival. Although RHG family regulation of Diap1 levels by promoting Diap1 autoubiquitination and degradation has been shown through biochemical studies in vitro and upon ectopic overexpression of RHG proteins, 25, 27, [31] [32] [33] this is the first demonstration, combining both genetic evidence and analysis of protein accumulation in situ, of Hid-mediated Diap1 downregulation in a case of developmental apoptosis involving physiological levels of both of these proteins. Some studies report a significantly higher capacity for Reaper than for Hid in blocking Diap1 activity, 32 but our results show a specific role for Hid in Diap1 regulation for PC apoptosis.
Finally, we identify hid as an important regulatory point in the apoptotic cascade responsible for PC death. The accumulation of Hid has been shown to be regulated at both the transcriptional and post-transcriptional level depending on the tissue. 34 In PCs, both Hid protein and hid transcripts accumulate specifically in supernumerary PCs destined to die, indicating upregulation of hid transcription and/or stabilization of hid mRNA. It is important to note, however, that detection of hid expression in PCs was not possible in a wildtype context. It was necessary to block PC apoptosis by knocking-down caspase function (ectopic p35 expression or mutations in caspase-encoding genes) in order to reveal the presence of Hid protein or hid transcripts in supernumerary PCs normally destined to die. Therefore, in the wild type, both hid transcripts and Hid protein are likely short-lived and/or transient, and induction of prolonged survival of supernumerary PCs by blocking caspase activity may allow increased accumulation, and thus detection, of these gene products. The accumulated Hid protein in supernumerary PCs induced in these genetic contexts appears to be functional as these cells exhibit highly efficient downregulation of Diap1.
Polar and border cell migration is also delayed to the same extent by mutations affecting different apoptotic players (hid, drice, caspases in general) (Supplementary Table 1 ). In addition, in all three genetic contexts tested, clusters with four PCs were more perturbed in their migration than clusters with three PCs (Supplementary Table 1 ). These results suggest that these migration defects are likely a consequence of the elevated number of PCs surviving into late stages of oogenesis, rather than reflecting a non-apoptotic role for these molecules in migration per se.
During the PC elimination process, PCs destined to die exhibit apical constriction followed by apical detachment from the germline and reduction in the contact with the other PCs leading to progressive shrinking of these cells. These morphological and polarity events may not depend on the Hid-mediated caspase activation, as they seem to occur before caspase activation and in the loss-of-function contexts we tested including hid escapers, which exhibited almost 100% of follicle poles with more than two PCs. It will be interesting to develop an in vivo real-time approach, which may reveal the sequence of events during PC apoptosis.
Materials and Methods
Fly strains. The following strains were generated for PC-specific expression of GFP or YFP: the enhancer trap upd-Gal4 X (provided by S Noselli) combined with UAS-mCD8:GFP III or with UAS-H2B:YFP III and neu p72 -Gal4; UAS-H2B:YFP (provided by M Gho). The following chromosomes were used in this study: UAS-p35, 35 D1 recombinants were generated between the P(neo FRT)82B (Bloomington stock number 2004) and drice D1 chromosomes. Flies carrying the recombinant chromosomes were selected for the presence of the neomycin-resistance gene by using fly medium supplemented with 0.1 mg/ml G418 (Gibco BRL Life Technologies, Inc., Carlsbad, CA, USA) and tested for the presence of the deletion corresponding to the drice D1 sequence by PCR (primers: 5 0 -CATGGACGCC ACTAACAATG-3 0 and 5 0 -GAGAATCAAAGAGGCGCAAG-3 0 ).
Egg chamber staining procedure. Ovaries were dissected in PBS1X, then fixed for 20 min in 4% formaldehyde and rinsed three times in PBT (0.3% Triton X-100). The following primary antibodies, diluted in PBT, were used in this study: mouse monoclonal anti-Fas3 In experiments in which anti-Fas3 and anti-Diap1 mouse monoclonal antibodies were used on the same tissue sample, first anti-Fas3 immunodetection was carried out with anti-mouse Alexa-488 secondary antibodies for fluorescent detection in green, samples were then thoroughly rinsed and anti-Diap1 immunodetection was next carried out with anti-mouse Cy3 secondary antibodies for fluorescent detection in red. All samples were mounted in citifluor (Kent, London, UK). The hid riboprobe was generated using the 5A1 cDNA clone (provided by J Abrams). 27 In situ hybridization with hid riboprobe was performed as described in Suter and Steward, 40 with the following changes: Ovaries were dissected and fixed with 4% paraformaldehyde in PBST; temperature of hybridization was 651C and sheep serum was used instead of bovine serum albumin. Detection was performed using the Dig Nucleic Acid Detection kit (Roche, Basel, Switzerland).
RNAi analysis. Crosses between RNAi lines and the upd-Gal4 driver were carried out at 251C for 2 days, then progeny was transferred to 291C for the rest of development as well as for adulthood. Females were dissected 4-5 days after eclosion.
upd-Gal4/ þ ; UAS-diap1IR, tub-Gal 80 ts /females were maintained at 181C until eclosion, at which point they were shifted to 291C and ovaries were dissected 5 days later.
Clonal analysis. For clonal analysis, females of the following genotypes were analyzed: hsp-flp/ þ ; FRT80B dronc i24,29 /FRT80B ubi-GFP, hsp-flp/ þ ; FRT42D dark G8,H16 /FRT42D ubi-GFP and hsp-flp/ þ ; FRT79D H99/FRT79D ubi-GFP. Females raised at 251C were heat shocked at mid-pupae, upon eclosion and at 2 days of age for 1 h at 371C each time, and ovaries were dissected 4 days later.
